We report on solid-state mesoscopic heterojunction solar cells employing nanoparticles (NPs) of methyl ammonium lead iodide (CH 3 NH 3 )PbI 3 as light harvesters. The perovskite NPs were produced by reaction of methylammonium iodide with PbI 2 and deposited onto a submicron-thick mesoscopic TiO 2 film, whose pores were infiltrated with the hole-conductor spiro-MeOTAD. Illumination with standard AM-1.5 sunlight generated large photocurrents (J SC ) exceeding 17 mA/cm 2 , an open circuit photovoltage (V OC ) of 0.888 V and a fill factor (FF) of 0.62 yielding a power conversion efficiency (PCE) of 9.7%, the highest reported to date for such cells. Femto second laser studies combined with photo-induced absorption measurements showed charge separation to proceed via hole injection from the excited (CH 3 NH 3 )PbI 3 NPs into the spiro-MeOTAD followed by electron transfer to the mesoscopic TiO 2 film. The use of a solid hole conductor dramatically improved the device stability compared to (CH 3 NH 3 )PbI 3 -sensitized liquid junction cells. S olid state sensitized heterojunction photovoltaic cells are presently under intense investigation 1-16 because they present a promising avenue towards cost-effective high efficiency solar power conversion. These devices use molecular dyes or semiconductors in form of quantum dots (QD) or extremely thin absorber (ETA) layers as light harvesting agents. The sensitizer is deposited as a molecular or QD layer at the interface between a hole and electron conducting material, often a large band gap oxide semiconductor of mesoscopic structure. Following light excitation, the light harvester injects negative and positive charge carrier in the respective electronic transport materials, which subsequently are collected as photocurrent at the front and back contacts of the cell. The photo-voltage is given by the difference in the quasi-Fermi level under illumination of the electronand hole-conducting solids.
S
olid state sensitized heterojunction photovoltaic cells are presently under intense investigation [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] because they present a promising avenue towards cost-effective high efficiency solar power conversion. These devices use molecular dyes or semiconductors in form of quantum dots (QD) or extremely thin absorber (ETA) layers as light harvesting agents. The sensitizer is deposited as a molecular or QD layer at the interface between a hole and electron conducting material, often a large band gap oxide semiconductor of mesoscopic structure. Following light excitation, the light harvester injects negative and positive charge carrier in the respective electronic transport materials, which subsequently are collected as photocurrent at the front and back contacts of the cell. The photo-voltage is given by the difference in the quasi-Fermi level under illumination of the electronand hole-conducting solids.
Recently research in this field has accelerated; new efficiency records being attained at short intervals. Thus, after years of struggling to get over the 5% PCE barrier, an ETA cell based on Sb 2 S 3 sensitized mesosocopic TiO 2 films reached a PCE of 6.3% 13 while dye sensitized solid state heterojunctions have reached 7.2 percent 16 . It is noteworthy that an open-circuit photovoltage of 1.02 V was recently demonstrated from the organic dye loaded TiO 2 film combined with spiro-MeOTAD
17
. A further substantial gain in efficiency pushing the PCE to 8.5% was achieved very recently by combining the N719 dye with the p-type semiconductor CsSnI 3 18 . (CH 3 NH 3 )PbI 3 perovskite nanocrystals have attracted attention as a new class of light harvesters for mesososcopic solar cells 19 . Impressive PEC values of up to 6.54% have been obtained with liquid junction cells based on iodide/triiodide redox couple 20 . However a rapid degradation of performance was witnessed due to dissolution of the perovskite in the electrolyte. Because the (CH 3 NH 3 )PbI 3 nanocrystals exhibit a one order of magnitude higher absorption coefficient than the conventional N719 dye, they offer advantages for use in solid state sensitized solar cells where much thinner TiO 2 layer are employed than in liquid junction devices.
Here we report a new solid-state mesoscopic solar cell employing (CH 3 NH 3 )PbI 3 perovskite nanocrystals as a light absorber and spiro-MeOTAD as a hole-transporting layer, Figure 1 . A strikingly high PCE of 9.7% was achieved with submicon thick films of mesoporous anatase under AM 1.5G illumination along with excellent long term stability.
Results
Perovskite (CH 3 NH 3 )PbI 3 characterization. Optical band gap and valence band maximum were determined based on reflectance and ultraviolet photoelectron spectroscopy (UPS) measurements. Figures 2a and 2b show the diffuse reflectance spectrum and the transformed Kubelka-Munk spectrum for the (CH 3 NH 3 )PbI 3 -sensitized TiO 2 film. The optical absorption coefficient (a) is calculated using reflectance data according to the Kubelka-Munk equation 21 , F(R) 5 a 5 (12R) 2 /2R, where R is the percentage of reflected light. The incident photon energy (hn) and the optical band gap energy (E g ) are related to the transformed Kubelka-
, where E g is the band gap energy, A is the constant depending on transition probability and p is the power index that is related to the optical absorption process. Theoretically p equals to K or 2 for an indirect or a direct allowed transition, respectively. E g of the bare TiO 2 film is determined to be 3.1 eV based on the indirect transition, which is consistent with data reported elsewhere 21 . E g for the (CH 3 NH 3 )PbI 3 deposited on TiO 2 film is determined to be 1.5 eV from the extrapolation of the liner part of [F(R)hn] 2 plot (Figure 2b ), which also indicates that the optical absorption in the perovskite sensitizer occurs via a direct transition. Figure 2c shows UPS spectrum for the (CH 3 NH 3 )PbI 3 sensitizer deposited on TiO 2 film, where the energy is calibrated with respect to He I photon energy (21.21 eV). Valence band energy (E VB ) is estimated to 25.43 eV below vacuum level, which is consistent with the previous report 21 . From the observed optical band gap, its conduction band energy (E CB ) is determined to 23.93 eV that is slightly higher than the E CB for TiO 2 . The schematic band alignment is sketched in Figure 2d , where the band positions are well aligned for charge separation. The photo-induced absorption (PIA) spectra of the (CH 3 NH 3 )PbI 3 films coated with spiro-MeOTAD show the signature of the oxidized spiro-MeOTAD, featuring a broad absorption peak at 1340 nm, characteristic of the hole being localized on the triaryl amine functionality (Supplementary Figure S1) . This reductive quenching of the (CH 3 NH 3 )PbI 3 occurs efficiently on this time scale and is observed for both the TiO 2 and Al 2 O 3 films. The negative peak is an emission neat the band gap most likely arising from electron-hole recombination, which is consistent with the UPS result and the luminescence results shown in Figure 2 .
Photovoltaic data. The solid state device based on the (CH 3 NH 3 )PbI 3 perovskite NPs deposited on a 0.6 mm thick mesoporous TiO 2 film shows a high short-circuit photocurrent density of 17.6 mA/cm 2 , an open-circuit voltage of 888 mV and a fill factor (FF) of 0.62 under AM 1.5G solar illumination, corresponding to a PCE of 9.7% (Figure 3a) . This strikingly high efficiency can be achieved with submicron thick TiO 2 films due to the large optical absorption cross section (absorption coefficient of 1.5310 4 cm 21 at 550 nm) 20 of the pervoskite nanoparticles and the well-developed interfacial features including complete pore filling by the hole conductor as can be seen in Figure 1 . The incident photon-to-electron conversion efficiency (IPCE) reaches a broad maximum at 450 nm remaining at a level over 50% up to 750 nm ( Figure 3b ). The appearance of a IPCE plateau indicates that the (CH 3 NH 3 )PbI 3 NP's embedded in the 0.6 mm-thick mesoporous TiO 2 film harvest efficiently the incident photons, converting them with a high quantum yield to electric current. The photocurrent density of perovskite sensitized solid state cell is linearly proportional to light intensity (Figure 3c ), which indicates that the (CH 3 NH 3 )PbI 3 -sensitized TiO 2 /spiroMeOTAD junction is a non space-charge limited structure, associated with little difference in electron and hole mobility 22 .
Dependence of photovoltaic performance on TiO 2 film thickness. Figure 4 shows that, the photocurrent density (J SC ) is not strongly dependent on film thickness, where J SC 's of 16-17 mA/cm 2 can be obtained within the range of film thicknesses of 0.6-1.4 mm. Opencircuit voltage (V OC ) is however more significantly influenced by changing the film thickness. The V OC decreases from ,0.9 V to ,0.85 V as the film thickness increases to 0.8 mm and further decreases to around 0.8 V when the film is greater than 1.2 mm. V OC starts to decline significantly from 1.5 mm. This decrease of V OC is expected as the dark current augments linearly dependant with film thickness lowering the electron concentration under ilumination and hence their quasi Fermie level 23 . The FF is gradually decreased with increasing the film thickness, which is a consequence of the lower Voc and an increase of the electron transport resistance. Due to the diminishing V OC and FF, PCE (g) is clearly decreased with increasing the TiO 2 film thickness. The thinnest film of 0.6 mm can deliver a PCE of over 9% and more than 8% can be achieved from thicknesses less than 1 mm.
Impedance spectroscopy. To elucidate the relation between thickness of the TiO 2 layer and the photovoltaic performance, impedance spectra (IS) were measured. The frequency domain in the Nyquist plot which belongs to the recombination process dominating the dark and the photocurrent could be easily processed and is presented in Figure 5 . Three different thicknesses of mesoporous TiO 2 layers were investigated (0.6, 1.15 and 1.4 mm). The J SC and FF were similar for all 3 cells but the V OC dropped from about 920 to 880 to 850 mV with increasing TiO 2 thickness. The dark current scaled nearly linearly with thickness of the mesoporous TiO 2 layer ( Figure 5a ) and is well mirrored by the behavior of the recombination -or charge transfer-resistance R CT (Figure 5b ). The R CT near short circuit is dominated by the interface between the hole conductor and the under-layer as apparent from the small potential dependence of the resistance. The behavior of R CT changes as soon as the conductance in the photoanode increases due to the rise of the Fermi level in the photo-anode under forward bias (V applied . 500mV). R CT drops steeply with increasing forward bias because the dark current is now dominated by the flow of electrons across the photo-anode interface to the hole conductor and no longer by the underlayer/hole conductor interface.
A similar picture is observed for the IS response under illumination ( Figure 5c ). The increase of the recombination current with higher surface area of the thicker photoanodes leads to a faster reduction of the R CT and ultimately to a lower V OC . The capacitance (C A ) near J SC , which is associated to the capacitance of the under layer/ hole conductor interface, shows nearly no change. It increases as the mesoscopic TiO 2 film is filled with the electrons induced by the applied potential showing C A values comparable to other mesoporous solid state devices 24 and therefore about 100 times lower than in liquid DSC devices. Another feature in common with solid state devices like BHJ or ETA solar cells is the drop of the capacitance at even higher forward bias. The origin of this behavior is not fully understood so far. Bisquert et al. mentioned that the balance with the Helmholtz capacitance might be a reason 24 . Alternatively also the direct faradaic current flow could also lead to the overall reduction of the capacitance. Finally, we can see that the calculated electron lifetime (t n 5 C A 3 R CT ) shows a faster decline in t n at higher forward bias with increasing TiO 2 thickness leading to the observed overall reduction in the V OC (Figure 5d ).
Time resolve single photon and femto-second laser spectroscopy studies. A powder of (CH 3 NH 3 )PbI 3 shows a band edge emission which is centered at 780 nm, Figure SI2 . The emission decay was Femtosecond transient absorption (TAS) studies were performed to elucidate the mechanism of charge separation in the device. Samples were subjected to pulsed excitation (l exc 5 580 nm) and were probed by white light continuum (WLC) pulses, whose spectrum covered the 440-740 nm domain. Comparison was made between samples containing the perovskite material deposited on Al 2 O 3 ( Figure 6a ) and TiO 2 (Figure 6b ), respectively. Due to the mismatch of the energies of the conduction bands of (CH 3 NH 3 )PbI 3 and Al 2 O 3 (E CB 5 20.1 eV vs vacuum 25 ), no electron transfer is expected between these two materials upon excitation of the light absorber.
The negative signal peaking at 483 nm was attributed to the bleaching of the absorption of the perovskite. A positive peak that has not been assigned yet was also observed with a maximum at 638 nm. The same bleaching as well as the same positive peak could be observed on both Al 2 O 3 and TiO 2 samples. Furthermore, a large negative feature above 700 nm was identified in both samples and assigned to the stimulated emission of excited (CH 3 NH 3 )PbI 3 . This signal matches the spectrum shown in Figure SI2 obtained by steadystate emission and corresponds to the excitonic absorption edge of the material.
Relaxation of the positive and negative bands observed in the 450-540 nm and 630-700 nm regions is completed on a 1 ns timescale, suggesting that both spectral features are associated with the same excited state of the material, which half-lifetime can be estimated to be , 50 ps. No major difference could be observed between samples based on Al 2 O 3 and TiO 2 : the recovery of the initial state in 1 ns for both samples shows that no significant charge injection from the excited state of the perovskite into TiO 2 can be evidenced. This is also confirmed by the observation of the decay of the stimulated emission, which does not appear to be quenched by TiO 2 .
Samples covered by the hole-transporting material spiro-OMeTAD were measured to further investigate the working mechanisms of the perovskite-based cell. On Al 2 O 3 , (Figure 6c ), the amplitude of the bleaching signal at 483 nm was found to be smaller than on a sample deprived of the HTM. The positive absorption signal in the 630-700 nm region completely disappeared, concomitantly with a strong quenching of the stimulated emission above 700 nm. These results suggest a rapid reductive quenching of the excited state of the perovskite by the hole-transporting material. The absorption spectrum of oxidized form of the spiro-OMeTAD generated during this process extends in the visible region and could thus interfere with other spectral features observed between 400 and 700 nm.
The transient spectrum of the sample HTM/(CH 3 NH 3 )PbI 3 /TiO 2 ( Figure 6d ) exhibits the same features observed on the one deprived of spiro-OMeTAD (Figure 6b) , with the bleaching peak in the 480 nm-region being less pronounced than in the case of the perovskite alone on TiO 2 , as discussed previously for the Al 2 O 3 sample. Moreover, the stimulated emission peak is clearly attenuated in the presence of the HTM, also pointing towards the reductive quenching of the perovskite.
The apparent weaker quenching of the (CH 3 NH 3 )PbI 3 excited state by the HTM in the TiO 2 sample compared to the alumina-based layer might be rationalized by a different morphology of both oxides mesoporous films. In Al 2 O 3 layers, a better pore filling by the spiroOMeTAD could offer a better contact between the perovskite and the HTM and consequently yield a stronger reductive quenching of the photoexcited state. Further studies are needed to quantify the extent of this effect on different metal oxides and measurements in the near-IR (.1000 nm) would be required to unambiguously time-resolve the appearance of the oxdized form of the spiro-OMeTAD which however was unambiguously identified in the PIA spectra shown in Figure SI1 for both Al 2 O 3 and TiO 2 supported NPs in contact with the spiro-OMeTAD.
Long-term stability. As previously reported, the (CH 3 NH 3 )PbI 3 peroskite nanoparticles are unstable in iodide-contained liquid electrolyte due to rapid dissolution 19, 20 . Contrary to the liquid cell, stability is remarkably improved in the solid-state device as can be seen in Figure 7 which shows the results from ex-situ long-term stability tests for over 500 h, where the devices are stored in air at room temperature without encapsulation. The Jsc shows only a slight decrease during the first 200 h attaining a plateau thereafter. The Voc remained stable while the FF improved and stabilized with time. Thus the initial PCE improved by about 14% after 200 h, which is mostly due to the increase in FF. The PCE remained stable during the rest of the test.
Discussions
(CH 3 NH 3 )PbI 3 deposited on the TiO 2 particles exhibits panchromatic absorption of visible light, leading to high photocurrent density in submicron-thick thin film (17.6 mA/cm 2 in 0.6 mm-thick mesoporous TiO 2 film). Open-circuit voltage and fill factor of solid-state devices are deteriorated by increasing TiO 2 film thickness, which is mainly attributed to the increase in dark current and electron transport resistance according to the impedance spectroscopic study. TAS study clearly shows that the excited state of the perovskite is reductively quenched by spiro-MeOTAD, which proves a complete hole transfer from the perovskite sensitizer to HTM. Moreover, this all-solid-state solar cell demonstrates highly improved stability even without encapsulation. In conclusion, the present study takes advantage of the very high optical cross section of (CH 3 NH 3 )PbI 3 perovskite nanocrystals which are used as ligth harvesters in solid state heterojucntion solar cells using submicron thick mesoporous TiO 2 fims and spiro-MeOTAD as an electron-and a hole-transporting layer, respectively. A strikingly high PCE of 9.7% was achieved under AM 1.5G illumination along with excellent long term stability rendering this system very attractive for further investigations.
Methods
Materials synthesis. The perovskite sensitizer (CH 3 NH 3 )PbI 3 was prepared according to the reported procedure 17 . A hydroiodic acid (30 mL, 0.227 mol, 57 wt.% in water, Aldrich) and methylamine (27.8 mL, 0.273 mol, 40% in methanol, TCI) were stirred in the ice bath for 2 h. After stirring at 0 o C for 2 h, the resulting solution was evaporated at 50 o C for 1 h and produced synthesized chemicals (CH 3 NH 3 I). The precipitate was washed three times with diethyl ether and dried under vacuum and used without further purification. To prepare (CH 3 NH 3 )PbI 3 , readily synthesized CH 3 NH 3 I (0.395 g) and PbI 2 (1.157 g, 99% Aldrich) were mixed in c-butyrolactone (2 mL, .99% Aldrich) at 60 o C for overnight with stirring. Anatase TiO 2 nanoparticles were synthesized by acetic acid catalyzed hydrolysis of titanium isopropoxide (97%, Aldrich), followed by autoclaving at 230 o C for 12 h. Aqueous solvent in the autoclaved TiO 2 colloid solution was replaced by ethanol for preparation of non-aqueous TiO 2 paste. Ethyl cellulose (Aldrich), lauric acid (Fluka), and terpineol (Aldrich) were added into the ethanol solution of the TiO 2 particles, and then ethanol was removed from the solution using a rotary evaporator to obtain viscous pastes. For homogeneous mixing, the paste was further treated with a threeroll mill. The nominal composition of TiO 2 /terpineol/ethylcellulose/lauric acid was 1/6/0.3/0.1. A field-emission scanning electron microscope (FE-SEM, Jeol JSM 6700F) was used to investigate crosssectional morphology of the solid state devices. Transmission electron microscopy (TEM) images were obtained using a high-resolution transmission electron microscope (HR-TEM, Jeol, JEM-2100F) at an acceleration voltage of 200 kV. The optical absorbance spectra of perovskite-sensitized TiO 2 film were measured by a UV-vis spectrophotometer (Agilent 8453). Photocurrent and voltage were measured by a solar simulator (Oriel Sol 3A class AAA) equipped with a 450 W Xenon lamp (Newport 6279NS) and a Keithley 2400 source meter. The NREL-calibrated Si solar cell with KG-2 filter was used to adjust light intensity into one sun illumination (100 mW/cm 2 ). A black aperture mask was attached during photocurrent and voltage measurement 26, 27 . Incident-photon-to-current conversion efficiency (IPCE) was measured at AC mode under bias light using a specially designed IPCE system (PV measurement Inc.) equipped with a 75 W xenon lamp as a light source for monochromatic beam and a 75 W-12 V halogen lamp as a bias light source.
Impedance spectroscopy. The electrochemical impedance measurements were performed with a Bio-Logic SP-300 potentiostat (Bio-Logic SAS, France). A sinusoidal AC potential perturbation of 15 mV was overlaid over the applied DC bias potential. The frequency range applied for the AC perturbation was from 1 MHz to 0.1 Hz. The DC bias potential was applied in 50 mV steps. During the measurements the devices were kept in a faradaic cage. The measurements under illumination were performed with a white light LED (LXM3-PW51, Luxeon Rebel, Philips). The resulting impedance spectra were fitted with the Zview software (Scribner Associate Inc.) in the most simple manner. The frequency range related to the recombination (or also called charge transfer) process was fitted with a simple RC element (R and C in parallel) in series with a resistance. Latter resistance is accounting for all other resistive elements in the device at higher frequencies.
Femtosecond laser spectroscopy. Transient absorption spectra were recorded using femtosecond pulsed laser pump-probe spectroscopy. The pump beam ((l exc 5 580) was generated by pumping a two-stage non-collinear optical parametric amplifier (NOPA) by the 778 nm output of an amplified Ti:Sa laser system (Clark-MXR, CPA-2001) providing 150 fs duration pulses at a repetition rate of 1 kHz. The pump energy at the sample was 200 nJ / pulse with a spot size diameter of ca 1 mm. The probe beam consisted of a white light continuum (430-1000 nm), generated by passing a portion of the 778 nm amplified Ti:Sa laser output through a 3 mm-thick sapphire plate. The probe intensity was always inferior to that of the pump and its spot size was much smaller. Probe pulses were time-delayed with respect to the pump pulses using a optical delay line mounted on a computerized translation stage.
The probe beam was split before the sample into a signal beam, transmitted through the sample and crossed with the pump beam, and a reference beam. The signal and reference were detected with a pair of 163 mm spectrographs (Andor Technology, SR163) equipped with 512x58 pixels back-thinned CCD detectors (Hamamatsu S07030-0906). To improve the detection sensitivity, the pump light was chopped at half the amplifier frequency, and the transmitted signal intensity was recorded shot by shot. It was corrected for intensity fluctuations using the reference beam. Transient spectra were averaged until the desired signal-to-noise ratio was achieved (typically 3000 averaged records). The polarization of the probe pulses was at magic angle relative to that of the pump pulses. All spectra were corrected for the spectral chirp of the white-light probe pulses.
Photo-induced absorption (PIA) spectroscopy. Photo-induced absorption (PIA) spectroscopy was used to probe the photo-generated charge species in a (CH 3 NH 3 )PbI 3 sensitized film. This experimental technique comprises of a white light probe beam, spectrally resolved after passing through the samples with the addition of a modulated pump light source. A 20 W halogen lamp was used as a probe source which was filtered and focused onto the sample prior to being refocused onto the slits of a double monochromator (Gemini-180). The light intensity on the sample was approximately 65 mW cm
22
. A cooled dual colour solid-state detector (Si/ InGaAs) was mounted on the exit slits of the monochromator. This combination gave an effective spectral range of 300-1650 nm. A dual phase lock-in amplifier (SR 830) was used to separate out the AC signal from the detectors. This signal provided the change in transmission (DT/T) as a function of wavelength.
